Subunit composition of NMDA receptors (NMDARs) determines a range of physiological properties, downstream signaling effects, and binding partners. Differential localization of NR2A-or NR2B-containing NMDARs within the neuron and subunit-specific protein associations may explain differences in NR2A and NR2B contributions to synaptic plasticity and excitotoxic cell death. This question is complicated by the existence of tri-heteromeric complexes (NR1/NR2A/NR2B). To date, no quantitative biochemical determinations have been made of the relative abundance of different NMDAR populations in intact hippocampus, the region extensively correlated with NMDAR-dependent long-term potentiation. We investigated subunit composition and subunit-specific interactions in CA1/CA2 of rat hippocampus. Using sequential immunoprecipitations to deplete either NR2B or NR2A, di-heteromeric NR1/NR2A and NR1/NR2B receptor populations were isolated from postnatal day 7 (P7) hippocampus and P42 and 6-month-old CA1/CA2. Quantitative Western blot analysis revealed that 60 -70% of NR2A and 70 -85% of NR2B subunits were associated in NR1/NR2A or NR1/NR2B di-heteromeric complexes. Isolated di-heteromeric receptor fractions were used to examine NR2A-or NR2B-specific interactions with synapseassociated proteins. Our results indicate that NR2A-or NR2B-containing NMDARs associate similarly with postsynaptic density-95 (PSD-95), synapse-associated protein 102, and PSD-93 at P42. However, NR2A-containing receptors coimmunoprecipitated a greater proportion of the synaptic proteins neuronal nitric oxide synthase, Homer, and ␤-catenin. Finally, mass spectrometry analysis of isolated di-heteromeric receptors identified a novel NMDAR interactor, collapsin response mediator protein 2, which preferentially associates with NR2B-containing di-heteromeric NMDARs. In summary, in rat hippocampus, NR2A and NR2B exist primarily in di-heteromeric complexes that interact similarly with PSD-95-related proteins but are associated with different protein complexes.
Introduction
The NMDA receptor (NMDAR) is a glutamate-gated ion channel with specialized features that contribute to its role in long-term potentiation (LTP), the molecular model of learning and memory extensively characterized in the hippocampus (Lynch, 2004) . Furthermore, the receptor is implicated in a variety of neurological and neurodegenerative conditions, including ischemic injury and Huntington's disease (Gardoni and Di Luca, 2006) . Its role is thought to be determined, at least in part, by subunit-dependent localization within the neuron and subunit-specific protein associations (Cull-Candy and Leszkiewicz, 2004; Kohr, 2006) .
The functional NMDAR is most likely a tetramer of two NR1 and two NR2 subunits (Cull-Candy et al., 2001; Furukawa et al., 2005) . Numerous studies have reported that subunit composition is a major determinant of multiple NMDAR properties, including channel kinetics (McBain and Mayer, 1994) , regulation by posttranslational modifications such as phosphorylation (Kennedy and Manzerra, 2001; Salter and Kalia, 2004) , and intracellular protein associations . For example, the postsynaptic density-95 (PSD-95) family of membrane-associated guanylate kinases (MAGUKs), implicated in NMDAR trafficking to and stabilization on the cell surface (Roche et al., 2001; Lin et al., 2004; Prybylowski et al., 2005) , may differentially associate with or regulate the NMDAR subunits NR2A and NR2B (Sans et al., 2000; Losi et al., 2003; Townsend et al., 2003; Prybylowski et al., 2005) . Furthermore, it has been suggested that NMDARs are localized to different subcellular compartments based on subunit composition, i.e., in adult, NR2A-containing receptors are enriched at the synapse, whereas extrasynaptic receptors are predominantly NR2B-containing complexes (Stocca and Vicini, 1998; Tovar and Westbrook, 1999; Kohr, 2006) . More recent evidence indicates that, because of dif-ferences in the downstream signaling cascades coupled to NR2A and NR2B, subunit composition may determine NMDAR contributions to excitotoxic cell death in various disease models (Lynch and Guttmann, 2002; Vanhoutte and Bading, 2003) . Thus, characterization of NMDAR subunit composition is a key step in understanding NMDAR function.
NMDAR subunit composition is dependent on subunit availability, which differs as a function of brain region and developmental age (Watanabe et al., 1993; Wenzel et al., 1997; Sans et al., 2000) . In the hippocampus, NR2B expression is high in early development and decreases with age, whereas NR2A expression begins later in development and increases into adulthood. Furthermore, NMDARs may exist not only as di-heteromeric receptors (NR1/NR2X), but also as tri-heteromeric receptors (NR1/ NR2X/NR2Y). Although the existence of a tri-heteromeric NR1/ NR2A/NR2B receptor population has been reported by electrophysiological (Wafford et al., 1993; Kew et al., 1998; Tovar and Westbrook, 1999; Kohr, 2006) and biochemical (Sheng et al., 1994; Stephenson, 2001 ) methods, no quantitative biochemical investigations have been conducted in intact hippocampus.
We set out to determine subunit composition of NMDARs in hippocampus using serial immunoprecipitations (IPs). We isolated di-heteromeric receptor populations, determined their relative abundance, and examined their interactions with MAGUKs and other synapse-associated proteins. Finally, using these isolated fractions and mass spectrometry analysis, we identified a novel interactor, collapsin receptor mediator protein 2 (CRMP2), which preferentially interacts with the NR1/NR2B subpopulation of di-heteromeric receptors.
Materials and Methods
Antibodies. The anti-NR2A (T58) and anti-NR2B (T51) rabbit polyclonal antibodies have been characterized previously (Christie et al., 1999) . The mouse monoclonal antibody to NR2A was a kind gift from Dr. Georg Kohr (Max Planck Institute for Medical Research, Heidelberg, Germany), and the anti-NR2B mouse monoclonal antibody was a generous gift from Dr. Barry Wolfe (Georgetown University, Washington, DC) (Wang et al., 1995) . Mouse monoclonal antibodies to the following proteins were purchased from the following: NR1 (clone 54.1) from BD Biosciences PharMingen (San Jose, CA); PSD-95 (clone K28/43), synapse-associated protein 102 (SAP102) (clone N19/2), PSD-93 (clone N18/30), and SAP97 (clone K64/15) from NeuroMab (Davis, CA); neuronal nitric oxide synthase (nNOS) (clone 16), and ␤-catenin (clone 14) from BD Transduction Labs (San Jose, CA); and CRMP2 (clone C4G) from Immuno-Biological Laboratories (Gunma, Japan). The rabbit polyclonal antibody to pan-Homer was a kind gift from Dr. Paul Worley (Johns Hopkins School of Medicine, Baltimore, MD). Affinity-purified horseradish peroxidase-conjugated protein A and sheep anti-mouse secondary antibodies were purchased from GE Healthcare Bio-Sciences (Piscataway, NJ).
Preparation of membrane fractions. Postnatal day 7 (P7), P42, and 6-month-old male Sprague Dawley rat brains were harvested as follows: P7 whole hippocampus was dissected and frozen until solubilization; P42 brains were harvested and frozen; and 6-month-old frozen rat brains were purchased from Zivic Laboratories (Pittsburgh, PA). Frozen P42 and 6-month-old brains were sliced, and the CA1/CA2 was dissected. P42 and 6-month-old CA1/CA2 and P7 whole hippocampus were placed immediately in ice-cold solubilization buffer (50 mM Tris-HCl, pH 7.5, with protease inhibitors). Tissue was homogenized with a Polytron homogenizer, and membranes were sedimented by centrifugation (100,000 ϫ g, 30 min, 4°C) and solubilized in 1% deoxycholate (DOC) for 45 min at 37°C. After solubilization, 1% Triton X-100 was added, and the preparations were centrifuged at 100,000 ϫ g for 30 min to remove insoluble material. Protein concentrations were measured using the BCA Protein Assay kit (Pierce, Rockford, IL). Samples were stored at Ϫ80°C or loaded onto agarose beads for immunoprecipitations.
Immunoprecipitations. Immunoprecipitation experiments were performed as described previously (Sans et al., 2000) . Fifty microliters of protein A agarose beads (Pierce) were washed in wash buffer (50 mM Tris-HCl, pH 7.5, and 0.1% Triton X-100). Ten microliters of normal rabbit serum, NR2A (T58) antiserum, or NR2B (T51) antiserum were coupled to the beads for 4 h or overnight at 4°C with constant rotation. After three washes with wash buffer, 500 mg of total protein of P7, P42, or 6-month-old hippocampal or CA1/CA2 membrane fractions were incubated overnight at 4°C with the coupled antibody with constant rotation. For double immunoprecipitations, the unbound fraction was loaded onto an identical set of antibody-conjugated protein A beads for 6 h at 4°C with constant rotation. For the triple immunoprecipitations, the unbound fractions from the second immunoprecipitations were incubated overnight at 4°C with constant rotation with antibody-conjugated protein A beads as follows: normal serum onto normal serum, NR2A immunoprecipitation onto anti-NR2B-conjugated beads, and NR2B immunoprecipitation onto anti-NR2A-conjugated beads. All immunoprecipitations were washed three times with wash buffer including protease inhibitors and 150 mM NaCl. Fifty microliters of 2ϫ SDS sample buffer was added, and the samples were boiled for 3 min and loaded onto 4 -20% polyacrylamide gels for SDS-PAGE.
Western blotting and analysis. Standard Western blotting procedures were followed (Sans et al., 2000) . Twenty-eight micrograms of protein were loaded in each lane. Membranes were washed and incubated with primary antibody using the following concentrations: NR1 (54.1), 1:1000; NR2A (2F6.3D5), 1:5000; and NR2B monoclonal, 1.0 g/ml.
Immunoreactive bands were visualized with ECL Plus Western Blotting Detection System (GE Healthcare Bio-Sciences).
Films were scanned for densitometric analysis using a Molecular Dynamics (Sunnyvale, CA) densitometer. For quantification of the diheteromeric receptor populations, the unbound fractions from the second immunoprecipitations were measured. Dilutions of input (100, 75, 50, 25, and 10%) were analyzed and plotted as a standard curve. Experiments in which the unbound levels from control immunoprecipitations were Ͻ50% of input were excluded. The levels of unbound NR2A or NR2B subunits were determined from the standard curve.
To analyze the coimmunoprecipitations of associated proteins (MAGUKs, nNOS, Homer, ␤-catenin, and CRMP2), the bound fractions from the third immunoprecipitations were analyzed. The levels of associated protein were normalized to the levels of NR1 subunit coimmunoprecipitated with anti-NR2A or anti-NR2B to provide a measure of associated protein per NMDAR immunoprecipitated. All experiments were performed with tissue from three or more animals (n is noted for each experiment). Values are presented as mean Ϯ SEM.
Nanoflow reversed-phase liquid chromatography-tandem mass spectrometry. Coomassie blue-stained protein gel bands were digested as described previously (Wilm et al., 1996) . Samples were desalted with C18 Zip Tips (Millipore, Bedford, MA) as per the protocols of the manufacturer before nanoflow reversed-phase liquid chromatography (nanoR-PLC) coupled on-line with tandem mass spectrometry (MS/MS).
Chromatographic separations were conducted using a microcapillary column with an integrated electrospray ionization (ESI) emitter constructed by flame pulling a fine tip (ϳ5-7 m orifice) on a 75 m inner diameter ϫ 360 m outer diameter ϫ 10 cm long segment of fused silica (Polymicro Technologies, Phoenix, AZ). This integrated ESI column was slurry packed in-house with 5 m, 300 Å pore size C-18 stationary phase (Jupiter; Phenomenex, Torrance, CA). The integrated ESI column was connected via a stainless steel union to an Agilent Technologies (Palo Alto, CA) 1100 nanoflow LC system, coupled on-line to a linear ion-trap mass spectrometer (LIT-MS) (LTQ; Thermo Electron, San Jose, CA). After sample injection, a 20 min wash with 98% mobile phase A (0.1% HCOOH in water) was applied, and peptides were eluted using a linear gradient of 2% mobile phase B (0.1% HCOOH in CH 3 CN) to 42% mobile phase B over 40 min with a constant flow rate of 200 nl/min. The column was washed for 15 min with 98% mobile phase B and reequilibrated with 98% mobile phase A before subsequent sample loading.
The integrated nanoRPLC ESI column was coupled on-line to an LIT-MS using the nanoelectrospray source of the manufacturer with an applied electrospray potential of 1.5 kV and capillary temperature of 160°C. The LIT-MS was operated in a data-dependent mode in which each full MS scan was followed by five MS/MS scans, in which the five most abundant peptide molecular ions detected from the MS scan were dynamically selected for five subsequent MS/MS scans using a collisional-induced dissociation (CID) energy of 35%. Dynamic exclusion was used to minimize redundant MS/MS acquisition.
The CID spectra were analyzed using SEQUEST operating on a 40 node Beowulf parallel virtual machine cluster computer (Thermo Electron) and the Homo sapiens proteome database (http://www.expasy.org). Only peptides with conventional tryptic termini (allowing for up to two internal missed cleavages) possessing delta-correlation scores [(⌬C n ) Ͼ 0.08 and charge state-dependent cross-correlation (X corr ) criteria], as follows, were considered as legitimate identifications.
Statistical analysis. Data were analyzed in GraphPad Software (San Diego, CA) Prism 4.0. Significant differences between two groups were determined with a two-tailed, paired Student's t test. Significant differences among multiple groups were determined with an ANOVA, followed by the Newman-Keuls multiple-comparison test. Differences were considered significant at p Ͻ 0.05. All values are reported as mean Ϯ SEM, and n indicates number of membrane fractions analyzed.
Results

Detergent solubility of NMDAR subunits decreases with developmental age
The NMDAR is only partially soluble in 1% DOC (Blahos and Wenthold, 1996) , likely attributable to tight association of the receptor complex with the cytoskeleton, the protein-dense structure of the PSD, and/or lipid rafts (Allison et al., 1998; Hering et al., 2003; Besshoh et al., 2005) . Approximately 35% of total NR2A and NR2B protein is extracted from adult rat forebrain membrane fractions by DOC (Blahos and Wenthold, 1996) . Immunoprecipitation analysis requires a soluble protein fraction; thus, solubilization of NMDARs may determine the subpopulation of NMDARs that is investigated. Therefore, as an initial step, we examined the levels of NR1, NR2A, and NR2B in the DOCsolubilized fraction, which was used subsequently for immunoprecipitation experiments. P42 or 6-month-old CA1/CA2 of adult hippocampus was dissected, providing a relatively homogenous population of cells. Alternatively, P7 whole hippocampus was dissected. The levels of solubilized protein were measured relative to serial dilutions of the original tissue homogenate before solubilization, which represents the total NMDAR population.
At P42, the percentages of NR2A, NR2B, and NR1 solubility were 33 Ϯ 17, 30 Ϯ 13, and 57 Ϯ 10 (mean Ϯ SEM; n ϭ 3), respectively ( Fig. 1 A-C) , within the previously published ranges of solubility (Blahos and Wenthold, 1996) . In early postnatal development, surface NMDARs are primarily extrasynaptic (Washbourne et al., 2004) , and the PSD is not fully developed (Petralia et al., 2005) . These results suggest that the NMDAR may not be as tightly associated with the synapse in younger animals; therefore, we investigated NMDAR solubility from whole hippocampus at P7. As seen in Figure 1 , A and B, NR2A and NR2B subunit solubility was nearly threefold higher than in P42 CA1/ CA2 ( p Ͻ 0.05 and p Ͻ 0.01 between P7 and P42 for NR2A and NR2B, respectively). In CA1/CA2 of 6-month-old animals, the solubility of NR2A and NR2B was similar to that seen for P42 ( Fig. 1 A, B ) but differed significantly from solubility at P7 ( p Ͻ 0.05 for NR2A and NR2B). Thus, NR2A and NR2B solubility is highest at P7 and decreases in older animals, corresponding to maturation of the PSD and/or increased NMDAR localization to the synapse.
In contrast, NR1 solubility was relatively high across developmental ages (Fig. 1C) , perhaps reflecting the relatively large population of unassociated NR1 subunits (Chazot and Stephenson, 1997; Huh and Wenthold, 1999) . Nevertheless, NR1 subunit solubility was nearly twofold higher at P7 than in P42 CA1/CA2. The solubility of NR1 at P7 differed significantly from P42 or 6-month-old animals ( p Ͻ 0.05). These findings suggest that, as with the NR2A and NR2B subunits, detergent solubility of NR1 decreases with age, perhaps attributable to increased synaptic localization or to tighter association of the NMDAR complex within mature synapses.
Di-heteromeric NMDARs are isolated from P42 CA1/CA2 by serial immunoprecipitations NR1, NR2A, and NR2B are the predominant NMDAR subunits in the hippocampus based on evidence that NR2A and NR2B are the NR2 subunits most highly expressed in the hippocampus (Wenzel et al., 1997) and that NR3A and NR3B are present in a relatively small percentage of NMDARs (Al-Hallaq et al., 2002) . Furthermore, previous studies have reported relatively low levels of unassembled NR2 subunits in cerebellar granule cells and cortical neurons (Luo et al., 1997; Huh and Wenthold, 1999) ; therefore, the majority of NR2A and NR2B subunits are presumably associated into either di-heteromeric (NR1/NR2A or NR1/ NR2B) or tri-heteromeric (NR1/NR2A/NR2B) receptors. Figure 2 A outlines the experimental plan used to isolate diheteromeric NMDARs from membrane fractions. P42 CA1/CA2 membrane fractions were subjected to two sequential immunoprecipitations with anti-NR2A or anti-NR2B antibodies to ensure a relatively complete clearing of the intended subunit contained in either the di-heteromeric or tri-heteromeric receptor population. This resulted in isolation of NR2B-or NR2A-containing di-heteromeric receptors, respectively, represented by the IP II Unbound fraction. In subsequent experiments, these isolated populations were subjected to a third round of immunoprecipitation, generating the IP III Bound fraction, to determine the composition of the di-heteromeric receptor complexes.
We first verified the efficiency of the polyclonal anti-NR2A and anti-NR2B antibodies for immunoprecipitation. Membrane fractions from P42 rat hippocampus were subjected to immunoprecipitation analysis. The polyclonal anti-NR2A antibody immunoprecipitated NR2A (Fig. 2 B , IP I Bound, lane 2), and a corresponding decrease in signal was seen in the unbound fraction (IP I Unbound, lane 2). Similarly, when the anti-NR2B antibody was used to immunoprecipitate the hippocampal membrane fractions, NR2B was detected in the IP I Bound fraction (Fig. 2C, lane 3) , with a corresponding decrease in signal in the unbound fraction (IP I Unbound, lane 3). Furthermore, NR2B was coimmunoprecipitated with NR2A ( Fig. 2C , IP I Bound, lane Figure 1 . NR1, NR2A, and NR2B detergent solubility decreases with developmental age. Rat whole hippocampus (P7) or CA1/CA2 [P42 and 6 months (6m)] membrane fractions were solubilized with 1% DOC, resolved by SDS-PAGE, and subjected to densitometric analysis. The solubilized fraction is presented as a percentage of the original homogenate for NR2A (A), NR2B (B), and NR1 (C). NMDAR subunit solubility is significantly decreased at P42 and 6 months relative to P7 for the subunits tested. Data are representative of three independent experiments performed on different hippocampal or CA1/CA2 preparations. Values are shown as mean Ϯ SEM. *p Ͻ 0.05; **p Ͻ 0.01.
2), and NR2A was coimmunoprecipitated with NR2B ( Fig. 2B , IP I Bound, lane 3), consistent with several reports showing that NR2A and NR2B coexist within the same NMDAR complexes (Blahos and Wenthold, 1996; Kew et al., 1998) . The normal rabbit serum immunoprecipitations provided a measure of protein loss during washes. The presynaptic protein synaptophysin did not coimmunoprecipitate with NR2A or NR2B (Fig. 2 D) , confirming that the NMDAR antibodies specifically immunoprecipitated an NMDAR complex.
Thus, NR2A and NR2B may be immunoprecipitated efficiently from P42 CA1/CA2. We next set out to isolate diheteromeric NMDARs by double-immunoprecipitation experiments. The IP II Unbound fraction was subjected to SDS-PAGE, and a representative blot is show in Figure 2 E. In samples immunoprecipitated with anti-NR2A, no detectable NR2A remained in the unbound fraction (IP II Unbound, top, lane 2), confirming an efficient removal of NR2A subunits. Similarly, in samples subjected to double immunoprecipitation with the anti-NR2B antibody, no signal was detected for NR2B in the unbound fraction (IP II Unbound, bottom, lane 3).
Next, to determine the purity of the remaining di-heteromeric receptor populations (NR1/NR2A or NR1/NR2B), we immunoprecipitated the NR2B-or NR2A-depleted fractions with anti-NR2A or anti-NR2B antibodies, respectively (Fig. 2 E, right, IP III Bound fraction). The NR2B-depleted fraction was immunoprecipitated with anti-NR2A, and a robust signal was detected for NR2A (top, lane 1). Despite the depletion of NR2B by serial immunoprecipitations with an anti-NR2B antibody, NR2B was also detected after anti-NR2A immunoprecipitation (IP III Bound, bottom, lane 1). However, we estimate this residual signal to be Յ5% of the original input based on the following evidence. First, our threshold for signal detection was Յ5% based on serial dilutions of the input fraction (data not shown), suggesting that lack of detectable signal in the IP II Unbound fraction (Fig. 2 E , IP II Unbound, lane 2 for NR2A and lane 3 for NR2B) represents no more than 5% of the original input. Second, because the bound fractions are 10 times as concentrated as the unbound fractions and because the signal for NR2B that coimmunoprecipitated with the NR2A-isolated fraction was no greater than half of that in the input (Fig. 2 E , IP III Bound, bottom, lane 1, compared with IP II Unbound, bottom, lane 1), we calculate that Յ5% of NR2B remained in the NR2B-depleted fraction.
Conversely, immunoprecipitation of the NR2B from the isolated NR2B-containing di-heteromeric receptor population resulted in a robust signal for NR2B (Fig. 2 E , IP III Bound, bottom, lane 2). When the NR2A-depleted fraction was immunoprecipitated with anti-NR2B, no NR2A was detected in the bound fraction (top, lane 2), suggesting that no residual NR2A remained. Thus, we estimate that double immunoprecipitations result in the removal of at least 95% of the intended subunit and in the isolation of the di-heteromeric receptor populations.
Isolation of di-heteromeric receptor populations indicates that NR2A and NR2B are primarily in complexes of NR1/NR2A or NR1/NR2B To investigate the relative abundance of the di-heteromeric NMDAR populations, NR2A and NR2B remaining after double immunoprecipitations were measured by densitometric analysis and quantified relative to a series of dilutions of the original input (representing total NMDARs). A representative blot of the unbound fraction after double immunoprecipitations from P42 CA1/CA2 is shown in Figure 3A . NR2A or NR2B were efficiently depleted, resulting in the isolated NR1/NR2B or NR1/NR2A diheteromeric receptor populations, respectively. Quantification of the unbound fraction revealed that the percentage of NR2A unbound after double immunoprecipitations with anti-NR2B, representing the NR1/NR2A di-heteromeric receptor population, was 59 Ϯ 19% of the original input (mean Ϯ SEM; n ϭ 3) (Fig. 3D) . Similarly, double immunoprecipitation with anti-NR2A, resulting in an isolated NR1/NR2B population, revealed that 71 Ϯ 15% of NR2B was present in this di-heteromeric receptor population (mean Ϯ SEM) (Fig. 3D) . Presumably, the remaining 41 and 29% of NR2A and NR2B, respectively, that were bound to each other constitute NR1/NR2A/NR2B triheteromeric receptors. Thus, NR1/NR2A, NR1/NR2B, and NR1/ NR2A/NR2B complexes in hippocampus each constitute approximately one-third of the total NMDAR population. In similar experiments, NR2A-or NR2B-bound fractions were subjected to immunoblotting with an antibody to synaptophysin. A strong signal was detected in the input, but no signal was detected in the IP I Bound fractions, suggesting that the NR2A and NR2B immunoprecipitations are specific for an NMDAR protein complex. E, Representative blots after double and triple immunoprecipitations with normal rabbit serum, anti-NR2A, or anti-NR2B antibodies. The IP II Unbound fractions verify that the NR2A-depleted (lane 2) or NR2B-depleted (lane 3) fractions do not contain detectable level of NR2A or NR2B, respectively. The IP III Bound fractions indicate that the NR2B-depleted fraction (lane 1) contains NR2A but a low level of NR2B, and the NR2A-depleted fraction (lane 2) contains NR2B but no detectable levels of NR2A, confirming efficient isolation of NR2A-or NR2B-containing di-heteromeric receptor populations. For all experiments, 14 l of the input, unbound, and bound fractions were resolved by SDS-PAGE and probed. Because the bound fractions were resuspended in 0.1 vol of the original input, the bound sample is 10 times more concentrated than the input or unbound fractions.
The composition of NMDAR complexes is dependent on the availability of NMDAR subunits, the expression of which is regulated over development (Watanabe et al., 1993; Wenzel et al., 1997; Sans et al., 2000) . We used these variations in the NR2A to NR2B ratio, which increases with age, to investigate whether the size of the di-heteromeric receptor populations differed as a result of relative subunit availability. Following the same protocol as that used to determine the P42 di-heteromeric receptor population (Fig. 3 A, D) , we examined the levels of di-heteromeric NMDARs in P7 hippocampus (Fig. 3 B, D) and 6-month-old CA1/CA2 (Fig. 3C,D) .
At P7, NR2A-or NR2B-containing di-heteromeric receptors were isolated at an efficiency similar to that seen at P42 (Fig. 3B) . Quantification of the unbound fraction relative to original input resulted in 73 Ϯ 7 and 85 Ϯ 7% of NR2A and NR2B remaining after double immunoprecipitations with anti-NR2B or anti-NR2A antibodies, respectively (Fig. 3D) . Similarly, at 6 months, the di-heteromeric receptor populations were isolated (Fig. 3C) , and the sizes of the di-heteromeric receptor population were similar to those seen at P7 and P42 (Fig. 3D) . Thus, despite the differences in subunit expression over developmental age, 60 -70% of NR2A and 70 -85% of NR2B subunits were associated with NR1/NR2A or NR1/NR2B di-heteromeric complexes at the ages examined.
NR1/NR2A and NR1/NR2B receptors coimmunoprecipitate similarly with MAGUKs
Because the di-heteromeric receptor populations constitute a substantial portion of the NMDARs in hippocampus and because the double immunoprecipitations allow for the isolation of these fractions, we set out to determine the proteins associated with these populations. The MAGUKs are a family of PDZ (PSD-95/ Discs large/zona occludens-1) domain-containing proteins that serve a scaffolding function in the synapse and possible roles in trafficking of the NMDAR . Previous studies have suggested a preferential interaction of PSD-95 with NR2A and of SAP102 with NR2B, based on the developmental expression patterns of these proteins and coimmunoprecipitation studies (Sans et al., 2000; Townsend et al., 2003) . To investigate the existence of NR2A-or NR2B-preferential interactions with PSD-95 or SAP102, respectively, we examined associations of the MAGUKs with the isolated di-heteromeric receptor fractions.
After double immunoprecipitations from P42 CA1/CA2, the IP II Unbound fraction (NR1/NR2A and NR1/NR2B) was subjected to a third round of immunoprecipitations with anti-NR2A or anti-NR2B antibodies, generating the IP III Bound fraction (Fig. 2 A) . In Figure 4 A, representative blots are shown of the IP II Unbound (left column) and the IP III Bound (right column) fractions. The samples were immunoblotted with anti-PSD-95, -SAP102, -PSD-93, -SAP97, and -NR1 antibodies. As seen in the lanes containing the bound fractions, the levels of PSD-95 that were coimmunoprecipitated with NR2A and NR2B were similar. After quantitative analysis, in which the levels of PSD-95 coimmunoprecipitated with NR2A or NR2B were normalized to the amount of NMDAR immunoprecipitated (as measured by NR1 coimmunoprecipitation), there was no significant difference between PSD-95 coimmunoprecipitated with NR2A and NR2B (n ϭ 8; p ϭ 0.085) (Fig. 4 B) .
Similarly, when SAP102 and PSD-93 were examined, no visible difference was detected in NR2A-and NR2B-associated fractions (Fig. 4 A) . When the coimmunoprecipitates were subjected to quantitative analysis, no significant differences were measured in the associations with NR2A and NR2B for SAP102 (n ϭ 8; p ϭ 0.162) (Fig. 4 B) or PSD-93 (n ϭ 4; p ϭ 0.085) (Fig. 4 B) . Although SAP97 was present in the input fractions (Fig. 4 A) , no SAP97 was detected in the immunoprecipitations with NR2A or NR2B, consistent with findings from previously published studies (Sans et al., 2000) (but see Gardoni et al., 2003) . Thus, the di-heteromeric NR1/NR2A and NR1/NR2B populations interact to similar levels with PSD-95, SAP102, and PSD-93 in the hippocampus.
Di-heteromeric NMDARs predominate at all ages examined in this study (Fig. 3) ; however, synaptic constituents differ over developmental age (Petralia et al., 2005) . Thus, we examined the association of MAGUK proteins with NR2A-and NR2B-containing di-heteromeric receptor populations in P7 hippocampal membrane fractions. The signal, however, was below our threshold for detection (data not shown) and, therefore, could not be quantified. We confirmed the interaction of NMDARs with the MAGUKs at P7 from whole hippocampus after a single immunoprecipitation with anti-NR2A or anti-NR2B antibodies (data not shown). PSD-95, SAP102, and PSD-93 coimmunoprecipitated with NR2A-and NR2B-containing receptors. Similar to our findings in P42 CA1/CA2 (Fig. 4 A) , SAP97 was not detected after single immunoprecipitations with anti-NR2A and -NR2B antibodies. Thus, members of the MAGUK family of proteins interacted similarly with the general population of NR2A and NR2B in P7 hippocampus, but associations with the di-heteromeric receptors were below detectable levels. NR1/NR2A and NR1/NR2B-containing receptors coimmunoprecipitate differentially with other synaptic proteins In addition to the MAGUK family of proteins, NMDARs associate directly and indirectly with a variety of proteins localized to the PSD, including other scaffolding and signaling proteins (Husi et al., 2000) . We investigated these interactions further, initially by examining the bound fraction after a single immunoprecipitation from P42 hippocampus (IP I Bound). As shown in Figure  5A , nNOS, Homer, and ␤-catenin coimmunoprecipitated to a greater extent with NR2A than with NR2B. This provided the first indication that these synapse-associated proteins may interact differentially with NR2A and NR2B. Conversely, NR2A coimmunoprecipitated with nNOS and Homer, with no detectable signal in ␤-catenin immunoprecipitations (Fig. 5B) . Although NR2B coimmunoprecipitated weakly with nNOS in these experiments, no signal was detected with Homer or ␤-catenin immunoprecipitations. As expected, NR1 interacted with nNOS and Homer. NR1 also coimmunoprecipitated with ␤-catenin (Fig. 5B) , confirming the interaction of ␤-catenin with NMDARs seen in Figure 5A . Thus, NR1, but not NR2A or NR2B, coimmunoprecipitated with ␤-catenin, perhaps attributable to differences in antibody signals. Alternatively, if the levels of NR2A and NR2B that coimmunoprecipitated with ␤-catenin were below the level of detection, only when the entire NMDAR population was analyzed (by examining NR1) could the association be detected. In summary, the single immunoprecipitation experiments suggest that NR2A may associate with these proteins to a greater extent than NR2B.
Next, we analyzed the samples examined above for MAGUK associations and, using a similar approach, determined the levels of synapse-associated proteins that coimmunoprecipitate with NR1/NR2A and NR1/NR2B di-heteromeric receptors. After double immunoprecipitations with anti-NR2A or anti-NR2B antibodies, the IP II Unbound fraction was immunoprecipitated with anti-NR2B and anti-NR2A antibodies, respectively, and the IP III Bound fraction was analyzed. As shown in the representa- The synaptic proteins nNOS, Homer, and ␤-catenin associate to a greater extent with the di-heteromeric NR1/NR2A receptors than with NR1/NR2B receptors. A, Representative blots are shown of single immunoprecipitation experiments with anti-NR2A or -NR2B antibodies (Ab), probed with anti-nNOS, Homer, and ␤-catenin antibodies. Both NR2A and NR2B coimmunoprecipitate the synapse-associated proteins; however, the interaction with NR2A appears to be stronger. The Homer band at 47 kDa (noted by the arrow) may be distinguished from the higher-molecular-weight heavy chain IgG bands. B, Single immunoprecipitation experiments with anti-nNOS, Homer, and ␤-catenin antibodies probed with anti-NR2A, NR2B, and NR1. NR1 is coimmunoprecipitated with nNOS, Homer, and ␤-catenin, NR2A coimmunoprecipitates with nNOS and Homer, and NR2B co-associates with nNOS, with no detectable signal in anti-Homer or anti-␤-catenin immunoprecipitations. C, D, Immunoprecipitations with anti-NR2A and anti-NR2B antibodies from isolated di-heteromeric receptor fractions (NR1/NR2A and NR1/NR2B) examined above were analyzed for coassociation of nNOS, Homer, and ␤-catenin. tive blot in Figure 5C , nNOS coimmunoprecipitated to a greater extent with NR2A compared with NR2B. Quantitative analysis, in which the levels of nNOS coimmunoprecipitated with NR2A or NR2B were normalized to the amount of NMDAR immunoprecipitated (as measured by NR1 coimmunoprecipitation; NR1 blots are identical to those shown in Fig. 4) , revealed a significant difference between nNOS coimmunoprecipitated with NR2A and NR2B (n ϭ 4; p ϭ 0.033) (Fig. 5D) . Similarly, we investigated the interactions of the synapse-associated protein Homer with NR2A-and NR2B-containing di-heteromeric receptors. NR2A appeared to coimmunoprecipitate a larger fraction of Homer than did NR2B, as seen in the representative blot (Fig. 5C) , and subsequent quantitative analysis revealed a significant difference (n ϭ 7; p ϭ 0.027) (Fig. 5D) . Finally, similar experiments revealed that ␤-catenin coimmunoprecipitated to a greater extent with NR2A-containing di-heteromeric receptors (Fig. 5C) , and a significant difference was found after quantitative analysis (n ϭ 4; p ϭ 0.026) (Fig. 5D) . Thus, isolated di-heteromeric NR1/NR2A receptors interact strongly with the synapse-associated proteins nNOS, Homer, and ␤-catenin. NR1/NR2B receptors interact to a lesser extent with the synapse-associated proteins examined.
Mass spectrometry analysis reveals a novel NR2B-preferential interaction with CRMP2
To further investigate novel interactors with NR1/NR2A or NR1/ NR2B di-heteromeric receptors, the NR2A-or NR2B-bound fractions after the triple immunoprecipitations (IP III Bound) were subjected to mass spectrometry analysis. CRMP2, a member of the collapsin response mediator protein family, was identified as a novel interactor of NR2B and was not detected in the NR2A-containing di-heteromeric receptor fraction.
To verify the association of CRMP2 with the NMDARs, CRMP2 coimmunoprecipitation was investigated after a single immunoprecipitation with anti-NR2A or anti-NR2B antibodies from P42 rat hippocampus (Fig. 6 A, IP I Bound). CRMP2 coimmunoprecipitated with both NR2A and NR2B, although a stronger signal was seen in the NR2B-associated fraction. Conversely, immunoprecipitating with an anti-CRMP2 antibody, which efficiently immunoprecipitated CRMP2 (Fig. 6 B, bottom panels) , revealed associations with NR1, NR2A, and NR2B. Thus, CRMP2 coimmunoprecipitates with NMDARs in P42 rat hippocampus.
To determine the relative associations of CRMP2 with NR2A-or NR2B-containing di-heteromeric NMDARs, P42 hippocampal membrane fractions were subjected to triple immunoprecipitations with anti-NR2A or anti-NR2B antibodies, and these fractions were analyzed for the presence of CRMP2. As seen in the representative immunoblot (Fig. 6C) , CRMP2 coimmunoprecipitates to a greater extent with NR2B-containing versus NR2A-containing di-heteromeric receptors. Quantification of the levels of CRMP2 that were coimmunoprecipitated relative to NR1, as described above, revealed a significant difference between NR2A and NR2B associations (n ϭ 6; p ϭ 0.009) (Fig. 6 D) . Thus, the purified NR1/NR2A or NR1/NR2B di-heteromeric receptor fraction was used to identify the novel interactor CRMP2, which favors an association with NR2B.
Discussion
We demonstrate that, throughout development, NMDARs in the hippocampus exist as three populations, i.e., NR1/NR2A, NR1/ NR2B, and NR1/NR2A/NR2B. Although NR1/NR2A and NR1/ NR2B complexes interacted similarly with PSD-95, SAP102, and PSD-93, NR1/NR2A associated to a greater extent with nNOS, Homer, and ␤-catenin. Mass spectrometry analysis identified a novel interactor, CRMP2, which associated to a greater extent with NR1/NR2B receptors. Thus, sizeable populations of diheteromeric NMDARs are preferentially localized in separate protein complexes, despite no measurable difference in the levels of associated MAGUKs.
The initial step in the serial immunoprecipitation protocol involves extraction of NMDARs from membrane fractions. Previous studies have reported that NMDARs are relatively insoluble in Triton X-100, but 35% of NR2A and NR2B subunits are extracted in 1% DOC (Blahos and Wenthold, 1996) . In our study, DOC solubilization yielded similar levels of extracted NMDAR subunits in P42 and 6-month-old CA1/CA2 as reported previously for adult forebrain. Surprisingly, nearly all NR2A, NR2B, and NR1 subunits were extracted from P7 rat hippocampus. This significantly higher level of solubility at P7 suggests that either the mechanisms responsible for tethering NMDARs are not fully developed until later in synapse development or NMDARs are localized extrasynaptically or intracellularly. Proposed mechanisms of NMDAR anchoring include cytoskeletal interactions, which are necessary for NMDAR synaptic localization but not clustering (Allison et al., 1998) , binding to PSD scaffolding proteins independently of cytoskeletal interactions (Allison et al., 2000) , and localization to Triton X-100-insoluble lipid rafts (Suzuki et al., 2001; Hering et al., 2003) . Although a small number of developed PSD structures have been reported as early as P2 (Petralia et al., 2005) , NMDARs in primary cortical neurons at 4 d in vitro are primarily extrasynaptic as they cycle in and out of dendritic plasma membranes before synapse formation (Wash- et al., 2004) . Thus, increased solubility at P7 may be a result of extrasynaptic or intracellular NMDAR localization. However, immunogold analysis has demonstrated that NMDARs are present at similar levels in rat CA1 synapses at P2, P10, and adult . Therefore, the increased solubility of synaptic NMDAR subunits at P7 may be attributable to looser associations of the NMDARs with immature PSDs.
Because of relatively low levels of DOC solubility in older animals, NMDARs examined by serial immunoprecipitations may not represent all NMDAR subpopulations in the neuron. For example, intracellular or extrasynaptic receptors may be more easily extracted, excluding synaptic populations from analysis. If this were the case, analysis of a more soluble sample would potentially reveal different results; however, the proportion of di-heteromeric receptors at P7 was similar to that at P42 and 6 months, despite threefold higher subunit solubility at P7. Furthermore, our subsequent experiments investigating associations with synapse-associated proteins revealed robust interactions, suggesting that synaptic NMDARs were extracted by DOC solubilization. We cannot rule out the possibility that some of the solubilized NMDARs represent intracellular receptors associated with endosomes or transport vesicles. These technical limitations are shared among biochemical studies of NMDARs.
We report a similar proportion of NR1/NR2A and NR1/NR2B di-heteromeric receptors at P7, P42, and 6 months, despite changes in the expression of NR2A in relation to NR2B. The ratio of NR2A to NR2B is low early in development but increases as NR2A expression increases and NR2B expression decreases (Watanabe et al., 1993; Wenzel et al., 1997; Sans et al., 2000) . Changes in relative subunit expression could potentially be reflected in NMDAR populations; however, the relative proportion of diheteromeric NMDARs did not change significantly over development. Surprisingly, despite relatively low expression of NR2A at P7, a large fraction of NR2A was not bound to NR2B, suggesting that the formation of di-heteromeric receptors may be preferred. Thus, subunit composition is not simply a result of the random assembly of available NR2A and NR2B subunits but may be regulated by an undetermined mechanism, such as chaperones that facilitate the formation of preferred complexes or differences in affinities of subunits for one another, as suggested for AMPA receptors . Notably, our analysis of NMDAR complexes at P7 may be affected by the presence of the NR2D subunit, which is expressed in hippocampal cells during early development (Monyer et al., 1994; Kirson et al., 1999) or by hippocampal cells outside of CA1/CA2.
At the ages examined, ϳ60 -85% of NR2A and NR2B did not coimmunoprecipitate with one another. The remaining 15-40% of NR2A and NR2B that were associated likely represent the triheteromeric receptor population. Tri-heteromeric receptors have been reported by electrophysiological (Tovar and Westbrook, 1999 ) and coimmunoprecipitation (Sheng et al., 1994; Blahos and Wenthold, 1996) studies of NR2A and NR2B; however, the relative size of this population in the hippocampus had not previously been investigated. In contrast to studies in cortex and striatum, in which more than half of NMDARs contain both NR2A and NR2B (Luo et al., 1997; Dunah and Standaert, 2003) , our results indicate that the tri-heteromeric receptor population constitutes one-third of the total receptor population. Although our studies do not directly compare NMDAR subunit composition across brain regions, these data support a regulated mechanism of subunit assembly because NMDAR subunit composition differs across regions in which NR2A and NR2B are the predominant NR2 subunits, such as hippocampus and cortex (Wenzel et al., 1997) .
Previous studies have suggested that the NMDAR interacts differentially with MAGUKs in an NR2-dependent manner with a correlation between NR2A and PSD-95 and between NR2B and SAP102 in hippocampus and visual cortex (Sans et al., 2000; Townsend et al., 2003) . Our current results indicate, however, that the isolated di-heteromeric receptor fractions do not interact differentially with PSD-95, SAP102, or PSD-93. Additionally, MAGUKs are modified posttranslationally (Topinka and Bredt, 1998; Craven and Bredt, 2000; Morabito et al., 2004) . Although the possibility remains that the MAGUKs associated with NR2A-or NR2B-containing receptors may differ with respect to these modifications, the distinct NR1/NR2A and NR1/NR2B complexes are not defined by differences in the abundance of associated MAGUKs.
NMDARs have been shown previously to coimmunoprecipitate with nNOS (Christopherson et al., 1999) , Homer (Husi et al., 2000) , and ␤-catenin (Husi et al., 2000) . We demonstrate for the first time the NR2A-dominant nature of these interactions. These findings are consistent with the model that synaptic NMDARs are NR2A rich and extrasynaptic receptors are NR2B rich in adult hippocampus (Tovar and Westbrook, 1999; Thomas et al., 2006) . The association of nNOS, Homer, and ␤-catenin was not exclusive for NR2A, i.e., these proteins coimmunoprecipitated with NR2B, consistent with previous reports that the synaptic and extrasynaptic segregation of NR2A and NR2B, respectively, is not exclusive (Kohr, 2006; Thomas et al., 2006) .
No evidence exists for direct interactions between NMDARs and the synapse-associated proteins we examined, suggesting indirect associations through intermediate binding proteins. PSD-95 is necessary for the association of the nNOS/NMDAR complex (Christopherson et al., 1999) ; Homer interaction with NMDARs is mediated by Shank/guanylate kinase domainassociated protein/PSD-95 (Tu et al., 1999) . Although ␤-catenin association with NMDARs or the PSD-95 family of proteins has not been directly investigated, ␤-catenin contains a PDZ binding domain (Perego et al., 2000) and associates with the MAGUK protein synaptic scaffolding molecule (S-SCAM or membraneassociated guanylate kinase inverted-1) (Dobrosotskaya and James, 2000; Nishimura et al., 2002) . S-SCAM interacts with NMDARs (Hirao et al., 1998) and the GK domain of PSD-95 (Hirao et al., 2000) , providing two mechanisms by which ␤-catenin may be linked to NMDARs (i.e., ␤-catenin/S-SCAM/ NMDARs or ␤-catenin/S-SCAM/PSD-95/NMDARs). Interestingly, although we found no preferential interaction of NR2A or NR2B with the MAGUKs, which are directly associated with NMDARs (Niethammer et al., 1996) and represent first-order interacting proteins, we identified differences in higher-order associations with nNOS, Homer, and ␤-catenin. Notably, this suggests that the same MAGUKs may interact differentially with these higher-order proteins, consistent with a previous study that used a similar serial immunoprecipitation protocol and identified a preferential interaction of synaptic ras-GTPase-activating protein with NR2B-containing NMDARs, although both NR2A and NR2B coimmunoprecipitated PSD-95 (Kim et al., 2005) .
Mass spectrometry analysis of the isolated di-heteromeric receptors identified CRMP2 as a preferential interactor of NR2B. CRMP2 is a microtubule-associated protein previously implicated in regulating NR2B surface expression in response to NMDAR-dependent calpain cleavage (Bretin et al., 2006) . CRMP2 interacts with tubulin dimers (Fukata et al., 2002; Arimura et al., 2005) in a phosphorylation-dependent manner (Arimura et al., 2005) and is involved in the internalization of the L1 receptor from the cell surface (Nishimura et al., 2003) , suggesting a potential role for CRMP2 in trafficking events. Also, mice lacking the CRMP family member CRMP1 exhibit impaired LTP and spatial learning and memory (Su et al., 2007) . Thus, this interaction warrants additional studies to elucidate the function of CRMP2 in NMDAR trafficking or regulation.
In this study, we demonstrate that the NMDAR exists as three populations throughout development, and the sizeable NR1/ NR2A and NR1/NR2B di-heteromeric receptor populations are localized to different protein complexes in adult hippocampus. These findings support previous proposals of NR2A-or NR2B-specific functions and provide a structure that may dictate these differential contributions.
